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Timeline for Human Genome Project
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Timeline until HGP

« Human genome project formally launched in 1990 and was declared complete on April
14, 2003
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White House on 26 June 2000

https://www.theguardian.com/science/gallery/2010/jun/23/human-genome-project
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Cost for Human Genome Project

m National Human Genome
Research Institute

How much did it cost?

In 1990, Congress established funding for the Human Genome Project and set a target completion date of
2005. Although estimates suggested that the project would cost a total of $3 billion over this period, the
project ended up costing less than expected, about $2.7 billion in FY 1991 dollars. Additionally, the project

was completed more than two years ahead of schedule.

https://www.researchgate.net/figure/Human-genome-Project-published-in-Nature-http-wwwnaturecom-nature-journal_fig2_329830959
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Strategy for sequencing

BMS

Bio-Medical Science Co. Ltd.

Genomic DNA

BAC library

Organized
mapped large
clone contigs

BAC to be
sequenced

Shotgun
clones

Shotgun
sequence

Assembly

Hierarchical shotgun sequencing
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. .ACCGTAAATGGGCTGATCATGCTTAAA
TGATCATGCTTAAACCCTGTGCATCCTACTG. . .

. .ACCGTAAATGGGCTGATCATGCTTAAACCCTGTGCATCCTACTG. . .

Nature 2001
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Cost for genome sequencing

Next Generation Sequencing platform was appeared as game exchanger in
sequencing field
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https.//www.researchgate.net/figure/a-Cost-per-base-of-the-different-sequencing-techniques-as-a-function-of-time-The-gray fig2 271772842
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Next Generation Sequencing Platform

 Roche/454 (GS FLX+/GS Junior)

« lllumina Genome Analyzer (HiSeq/MiSeq/NextSeq)
 Life Technologies (3500 Genetic Analyzer)

* |on Torrent Proton/PGM)

« Applied Biosystems (SOLID, 3730xI DNA Analyzer)
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llumina ion torrent

http./www.vib.be/en/about-vib/annual-report/2012/research/activities/Pages/Service %620Facilities.aspx
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“DNA Sequencing”

« DNA sequencing involves the use of various methods for determining the order of the
nucleotide bases — adenine, cytosine, guanine, and thymine — in a molecule of DNA

Chromosome

Histones

Chromatin

ST A D

DNA Double Helix

TTTTTTTTTTTT
ATGACGGATCAG

G>BoseP<:1ir
TACTGCCTAGTCG

https://www.mygenefood.com/the-language-of-genetics/
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Information including in sequence
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Progress in Retinal and Eye Research, 2015
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History of Sequencing technology

BMS
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Kilobases per day per machine
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Sanger Sequencing

4 x PCR (+ one dideoxynucleotide)

aliold .

sequencing

ddTTP  ddATP  ddGTP  ddCTP SRR GACTGAAGGCT
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https://alevelbiology.co.uk/notes/human-genome-project/
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Sanger Sequencing
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Sanger Sequencing

c Average
Technology Analysis time read length Throughput (Mb/h)
Slab gel 6—8 hours 700 bp 0.0672
Capillary array electrophoresis | 1-3 hours 700 bp 0.166

B M S Bio-Medical Science Co. Ltd.
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https://en.wikipedia.org/wiki/Hour

Next generation Sequencing
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Nature Methods, 2014
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Next generation Sequencing
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Definition of “Massive parallel”

 Massive
[EEZ A (FES0otHA) HOHSH

« Parallel
(&S HErEl

« Massive parallel sequencing

The DNA is sequenced via spatially separated, clonally amplified
DNA templates or single DNA molecules in a flow cell.

Massive parallel sequencing = Next Generation Sequencing
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Next Generation Sequencing Platform

 Roche/454 (GS FLX+/GS Junior)

« lllumina Genome Analyzer (HiSeq/MiSeq/NextSeq)
 Life Technologies (3500 Genetic Analyzer)

* |on Torrent Proton/PGM)

« Applied Biosystems (SOLID, 3730xI DNA Analyzer)
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llumina ion torrent

http./www.vib.be/en/about-vib/annual-report/2012/research/activities/Pages/Service %620Facilities.aspx
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Next Generation Sequencing Machine
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Molecular cell, 2015
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Steps of NGS
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Clonal ampilification - Bridge PCR

b Illumina/Solexa
Solid-phase amplification
One DNA molecule per cluster

Sample preparation
DNA (5 ug)

Template
dNTPs

and
polymerase

Bridge amplification

Nature reviews. Genetics, 2009
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Clonal amplification — Emulsion PCR

a Roche/454, Life/APG, Polonator
Emulsion PCR
One DNA molecule per bead. Clonal amplification to thousands of copies occurs in microreactors in an emulsion

- 3
PCR Break Template
amplification emulsion dissociation

Primer, template,
dNTPs and polymerase

100-200 million beads

Chemically cross-
linked to a glass slide Nature reviews. Genetics, 2009
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Sequencing by sequencing
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different dye
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Wash, four-
colour imaging

Cleave dye
and terminating
groups, wash

.
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Repeat cycles e

Nature reviews. Genetics, 2009
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Pyrosequencing

Flow of single dNTP type across PTP wells =—=> a
. > =
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1
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Polymerase
APS

PP,

Sulphurylase ATP

Luciferase Luciferin

Light and oxyluciferin

Flowgram

TCAGGTTTTTTAACAATCAACTTTTTGGATTAAAATGTAGATAACTG
CATAAATTAATAACATCACATTAGTCTGATCAGTGAATTTAT

Nature reviews. Genetics, 2009

T 6-mer

- 5-mer
- 4-mer
- 3-mer

| 2-mer
T 1-mer
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Sequencing by ligation

Life/APG — Sequencing by ligation
Primer round 1 @

Universal seq primer (n) ‘. AT 2

3’
P1adapter TA Target sequence
- < * Fluorescence,
l,2-pr;:>bes . Excite  four-colour imaging
x, ¥ Interrogation bases .
n Degengrate bases \ * Alignment of colour-space reads to
z Universal bases s - N colour-space reference genome
- 3W , Two-base encoding: each target P 8
! : ied : . 00
. 222/5, nucleotide is interrogated twice 000
Xynnn * Template
3 nrrnz-znz/ 5 Cleavage agent * 2nd base sequence
, T'T‘ITT'T/* AN o ATACAAGA
¥ xynrmzzz ° ) P CGCACCTC
* ¥ GCGTGGAG
3’ TITTTITIT &5' ALy TCGGATTCAGCCTGCTGCTCTATCA
Xynnnzzz * ) A

Repeat ligation cycles Ligationcyclel 2 3 4 5 6 7.(ncycles)

TTT"TTT‘}I’TT”TTT“’HT
AT TT CT GT TT CA GC
TA AA GA CA AA GT CG

Reset primer (n — 1), repeat ligation cycles

Primer round 2 1 base shift

Universal seq
primer (n - 1)

Nature reviews. Genetics, 2009
GA CG AC TA GG GC

Reset primer three more times 27/5 M 0| x|



Comparison between Sanger and NGS

a DNA fragmentation b DNA fragmentation
5 —— = = S —— _ =
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%‘ [ | — — %‘ | s | — [ s |
= [ — — = [ m— ] /)
= — — =3 ] ]
In vivo cloning and amplification In vitro adaptor ligation
= e
—> m m —> O
=} =
Cycle sequencing Generation of polony array
3'-... GACTAGATACGAGCGTGA...-5' (template)
5-... CTGAT (primer)
...CTGATC %
...CTGATCT /.
...CTGATCTA o
...CTGATCTAT /.
...CTGATCTATG O
...CTGATCTATGC p
Polymerase ...CTGATCTATGCT ,O
dNTPs ...CTGATCTATGCTC /’
Labeled ddNTPs ...CTGATCTATGCTCG
Electrophorsesis Cyclic array sequencing
(1 read/capillary) (>106 reads/array)
Cycle 1 Cycle 2 Cycle 3
G
[— o &)
I:!é 3 Q o
—ac What is base 1? What is base 2? What is base 3?7 Nature biotechnology, 2008
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History of Sequencing technology
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Read length (log scale) . .
https://fixlexblog.wordpress.com/tag/illumina/

B M S Bio-Medical Science Co. Ltd. 29/%‘11‘” 0 | X| —)F



Third Generation Sequencing

« Third generation sequencing works by reading the nucleotide
sequences at the single molecule level.

 Existing methods require breaking long strands of DNA into small

segments then inferring nucleotide sequences by amplification and
synthesis.

« Third Generation Sequencing = long-read sequencing
« PacBio and Oxford Nanopore provide manufactures

Nature biotechnology, 2008
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PacBio

Phospholinked hexaphosphate nucleotides

Limit of detection zone

Fluorescence pulse

INtENSITY  m—

Epifluorescence detection

Nature reviews. Genetics, 2011
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Steps in PacBio

1. generate amplicon 5 forward strand 3

3 reverse strand 5°

\ 4
2. ligate adaptors SMRT/,,:( > ¢ O

3. sequence template X

DNA
polymerase
"““

4. data analysis v
raw long read Y
processed long read -
* o
)
single-molecule fragments o
. A B,
circular consensus sequence (ccs) Z

Microbiome, 2013
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Nanopore
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https.//www.scienceinschool.org/content/decoding-dna-pocket-sized-sequencer
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Steps in Nanopre

(i) (ii) (i) (iv) (v) (vi) (vii) (viii)

ﬂ? = = %\?éf‘@g
= L= =
—_—

Genome Biology, 2011
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Strategy to improve sequencing accuracy

* 1D + 2D * 1D’
v, ) /o
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Genome Biology, 2011
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Accuracy of Nanopore

A Median @ Mean B0 [l2D
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09010011 14 A7 @18 Al7 17
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Developments in nanopore chemistry
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RNN Transducer Raw base calling

MinION released (Nanonet) (Scrappie) (Albacore v2.0.1)

Nature biotechnology, 2008
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Comparison of platform between 2nd and 3rd

Sequencing platform Total output Total reads Read length Run time Purpose/definition
(bases per run) (million per run) (bases) (days)
[llumina HiSeq X 1.6-1.8Tb 6000 M 2 x 150 bp <3 Allows sequencing of larger genomes (e.g., mammalian
genomes) at population level
MiSeq 300 Mb—15Gb 50 M 2 x 300 bp 0.2-2.7 Designed for particularly small genomes (e.g., bacterial
genomes) and amplicon sequencing
Life technologies Solid 5500 Systems 80 Gb—320Gb 1200 M—2400 M 50-2 x 50bp 7 Offers application-per-lane sequencing that allows

transcriptome, exome and genome sequencing
concurrently in a single run. Additionally, pay-per-lane
sequencing feature makes Solid 5500 Systems cost-effective
because reagents are not required for unused lanes.

lon Torrent 520 Chip 600 Mb—2Gb 3-5M 200—400 bp 0.1 Ion S5 System allows generation of diverse sequencing data
lIon Torrent 540 Chip 10-15 Gb 60—-80 M 200-400 bp 0.1 ranging from targeted re-sequencing to genome sequencing
with as little as 10 ng sample.
PacBio Sequel System 500 Mb—-16 Gb 55-880 M up to 60 kb <0.1-0.3 Useful in the studies of de novo assembly of large genomes.

Sequel System can be utilized for generating variation,
expression and/or regulation related sequencing data.

PacBio RS 11 500 Mb—-16 Gb 55-880 M up to 60 kb <0.1-0.3 Much more suitable for sequencing small genomes
although animal and plant genomic studies is also possible.
Nanopore PromethION up to 12 Tb* 1250 M* 230-300 kb* 2 Ideal for large sample numbers. PromethlON can sequence
up to 48 samples in a single run
MinION up to 42 Gb® up to 4.4 M° 230-300 kb* 2 Portable sequencing instrument. MinION can be run with a
desktop or laptop computer and data can be performed in
real time.

Progress in Retinal and Eye Research, 2016
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Application of NGS

Gene Other
expression
35 - Replication
Translation
Transcription
b';rrgy Genome
organization
Genome
3.0 sequencing
| Genome
RAD- - regulation
5C- Exome-capture GRO- p
HITS-CLIP p— oxBS-
—_ ‘ FAIRE-  icLip- _
MeDIP- ! Smart
@ 254 pnase- PARE= PARS
& TCR- Capture-
2 * o NET-
- . P _
s Methyl- ° @Repln-CAP_ Chip-exo MALBAC—
= Selector- Ig- G® ORIP- . 3p-
O ° CIP-TAP- Tn- NSeq
2 ° Bar FRAG- PAS-STRT- MeRIP- Dop- ‘
b3 DeepSAGE @ FRTZ Deep @ @seLex- O, fCAB-
0O 2.0 ° HELP-@ Sono- Mut. Scan. SHAPE= 1 GTl- ~STARR-
Nextera @ MPFD O . ATAC-
TRAP- HiTS-Fli PRO-
GCC- °o 3= ° o " BisChiP- NOMe- O
° dsRNA-, o %% - ® TIF- FIS-
PDZ- ° CLASH  Nascent- Quartz-
° Hy-PARTE Cap- ©  pac
e By @
1.5 o IMS-MDA- @ Cir-
DeepCAGE PBAT- CAB- TIVA-
0OS- ° Capture-C-
. ° Chem-
° PD- L4
Bru- ice- @
Bubble- o RNA-MaP
° °
1.0 TAmMC- HITS-KIN
: ARS- Frac-
Stable—
" 2006 ' 2007 " 2008 ' 2009 ' 2010 " 2011 " 2012 " 2013 ' 2014 '

BMS

Bio-Medical Science Co. Ltd.

Molecular cell, 2015
38/5 | O| K| =



Biological layer

* SNP * DNA methylation * Gene expression * Protein * Metabolite

* CNV * Histone modification ¢ Alternative splicing expresssion profiling in
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Nature Reviews Genetics, 2015
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Central dogma with epigenome

Histone DNA .
modifications matiryiation
NH, NH,
| DNA
: methyltransferase :
G A

= B YOO Dg

Nucleosome .

@ methylated cytosine base

Chromosome Transcription

@ unmethylated cytosine base
S histone tail

Chromatin M

Messenger RNA (mRNA)

o\

microRNA (miRNA)

PLoS Medicine, 2010
B M S Bio-Medical Science Co. Ltd. 40/ ‘;c::‘ﬂ‘” 0 | X| _)'\_



Sequencing using whole genome

Genome resequencing
Individual

1 GACTAGATCCGAGCGTGA

2 GACTAGATACGAGCGTGA

3 GACGAGATCCGCGCGTGA

75 GACTAGATCCGAGCGCGA
billion

Sitesof GACTAGATCCGAGCGTGA
variation
by Iy
I I
I I
o

SRR
L]

BMS
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De novo genome assembly

Sequence
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Nature, 2017
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Type of variants

Single Nucleotide . . Tandem
) Deletion Insertion L
Variant Duplication
—_— — — —_— —. — — ——
Interspersed . ) Copy Number
Duplication Inversion Translocation Variant
— e —— _— — —EE BN =N ER AR >
Types of Variants
} Long Reads i

Structural variants
=50 bp

https.//www.pach.com/applications/whole-genome-sequencing/variant-detection/
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The Angelina effect

The IRS Mess /Syria's Youlube War/ The End of Alimony

Time Magazine
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BRCA1 and BRCA2

BRCAT and BRCA2 are human genes that produce tumor suppressor proteins. These proteins help repair

of these genes is mutated, or altered, such that its protein product is not made or does not function correctly,
DNA damage may not be repaired properly. As a result, cells are more likely to develop additional genetic
alterations that can lead to cancer.

Specific inherited mutations in BRCAT and BRCA2 most notably increase the risk of female breast and ovarian
cancers, but they have also been associated with increased risks of several additional types of cancer. People

who have inherited mutations in BRCAT and BRCAZ2 tend to develop breast and ovarian cancers at younger ages
than people who do not have these mutations.

Breast cancer: About 12% of women in the general population will develop breast cancer sometime during
their lives (1). By contrast, a recent large study estimated that about 72% of women who inherit a harmful
BRCAT mutation and about 69% of women who inherit a harmful BRCA2 mutation will develop breast cancer
by the age of 80 (2).

Ovarian cancer: About 1.3% of women in the general population will develop ovarian cancer sometime
during their lives (1). By contrast, it is estimated that about 44% of women who inherit a harmful BRCAT
mutation and about 17% of women who inherit a harmful BRCA2 mutation will develop ovarian cancer by the
age of 80 (2).

https://www.cancer.gov/about-cancer/causes-prevention/genetics/brca-fact-sheet
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Sequencing for resequencing

BMS
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Genomic DNA

1 Randomly fragment

l Ligate sequencing adaptors
P2]
|P2)
l Amplify, sequence and align
Reference

Bio-Medical Science Co. Ltd.

Exome sequencing

Genomic DNA

l Randomly fragment

l Ligate sequencing adaptors

Target capture & Wash

e TS

Amplify, sequence

and align
Reference
L S T —— | S
| | -
A
]
.

https://ngxbio.com/pub/media/magefan_blog/WES1.jpg
45/F 1| 0| X| 4=



Whole Exome Sequencing

O ») Protein
()" Amino acid O O

Change

https://ngxbio.com/pub/media/magefan_blog/WES1.jpg

B M S Bio-Medical Science Co. Ltd. 46/ ‘;c::‘ﬂ‘” 0 | Xl _)'\_



Steps of De novo genome assembly
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Genome assembly algorithms
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Messenger RNA

Prokaryotic mRNA:
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Non-coding RNA
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Type of RNA-seq

Small RNA sequencing |
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Type of RNA-seq
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Type of RNA-seq

(mRNA sequencing |
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RNA-seq data analysis
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RNA-seq data analysis
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Nobel prize — RNA Interference

Photo: L. Cicero Photo: J. Mottern
Andrew Z. Fire Craig C. Mello
Prize share: 1/2 Prize share: 1/2

https.//www.nobelprize.org/prizes/medicine/2006/summary/
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Micro RNA biogenesis
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Chromatin and Chromatin immunoprecipitation
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Sequencing Application in Epigenome
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Epigenome function

Allinstructive

chromatin
TFs, TAFs alterations
and PCAF P300/HAT
Epigenomic TRR KMT
RNA polymerfase Promoter signatures Enhancer
(RNA processing) activity function
T"a“SC”pt quality Enhancer— romoter
control commun?catlon J IncRNA
CTCF Boundarles Trithorax | MLL-SET1
3D archltecture stimulation] family

SWI/SNF

BAF Remodellmg \
H3.3 I‘jl ‘ =
N Hlstone variant / VAN ) ) \
H2A.Z m AN Blvalent H3K4me3 and

and others chromatln H3K27me3

DNA repalr
DNA methylatlon
DAXX and ATRX
H2AX DNMT and TET

olycomb| EZH2 and EED

P
/ m PRC1 and PRC2

Repeat
:I{:nmcel:; nactlve X
DNA-me Constltutlve RNA| m
ESET heterochromatin repression
SUV39H1 (TGS)
HP1 ncRNA

Nature Reviews Genetics, 2016

B M S Bio-Medical Science Co. Ltd. 60/ ‘;c::‘ﬂ‘” 0 | X| _)'\_



ChIP-Seq and DNA accessibility sequencing

a DNA-binding protein ChIP-seq b Histone modification ChIP-seq ¢ DNase-seq d FAIRE-seq
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Histone modification
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Regulation by histone profile
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Active regulation in gene
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‘Dashboard’ of histone modifications
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Histone profile depending on Cell type
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Classes of DNA-bound proteins
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Principle detection of protein binding region

TF
/

— 8

_
——
4

ChlP-seq fragments

Sequence & align tags
-
N 0 |

== =]
- .
. . Probabilistic
Peak-finding Peak-pairing binding detection
1) Shift or extend tags /%~ .. 1) Build stranded tag 1) Probabilistically assign
R - X Y density landscapes == tags to binding events
[ e e kvd = = .
T - e . .‘_ == = /
Ny e e \:,- Binding'model

2) Build tag density landscape ‘1, 2) Find max. locations 2) Update binding event
|

o N on each strand —mm _locations and model ﬁ >
|
- " -

’T‘ 3) Iterate between 1) & 2)

3) Find A - 5
)IoTatig‘:sX v 3) Pair opposite strand . until algorithm converges
P 55 { " nearby peaks - -
:\T - T == -

\Predicted binding event location

https://galaxyproject.org/tutorials/chip/

BMS Bio-Medical Science Co. Ltd. 68/%‘11‘” O| I| —)F



Principle detection of protein binding region

Design and analysis of ChlP-seq experiments for
DNA-binding proteins An integrated software system for analyzing ChlIP-chip
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David S Johnson’, Bradley E Bernstein®Y, Chad Nusbaum?, gf;:rslr?’]%r?tgartggilvsg Sttoerg(?r?t(;;g oring of ChIP-seq
Richard M Myers¥, Myles Brown', Wei Li* and X Shirley Liu"
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Robert Bjornson*, Nicholas Carriero®, Michael Snyder'? & Mark B Gerstein'-*

BayesPeak: Bayesian analysis of ChIP-seq data
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Difference of peak result depending on program
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Active regulation in gene
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Sequencing to investigate DNA accessibility
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Sequencing to investigate DNA accessibility
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Sequencing method to measure methylation
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DNA methylation mechanism

e ™ 0, a-KG "N O a-KG i "™ 0,aKG e M
CO,. Succinate CO,. Succinate CO,. Succinate
C 5mC ShmC 5fC 5caC

Cell, 2014

BMS Bio-Medical Science Co. Ltd. 75/%11‘” O| X| —)F



DNA methylation mechanism
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Sequencing for

methylation

BMS
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Bisulfite sequencing based
mapping methods

BS-Seq: directly map 5mC and
5hmC as C

oxBS-Seq: directly map 5mC
as C, and map 5hmC after
being subtracted from BS-Seq

TAB-Seq: directly map 5hmC as C

fCAB-Seq: map 5fC after
subtracting BS-Seq

caCAB-Seq: map 5caC after
subtracting BS-Seq

Affinity-enrichment based
mapping methods

DIP: Map 5mC/5hmC/5fC/5caC
using modification-specific antibodies

CMS: Map 5hmC using antibody
specific for CMS

JBP1 IP: Map 5hmC using JBP1,
a natural binding protein for gsghmC

GLIB: Map 5hmC by chemically
tagging 5hmC with biotin

hMe-Seal: Map 5hmC by chemically
tagging 5ShmC with biotin

fC-Seal: Map 5fC by chemically
tagging 5fC with biotin

5fC pull-down: Map 5fC by
chemically tagging 5fC with biotin

Cell, 2014
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DNA methylation function
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Nature, 2015
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Chromatin structure

Cross-section view

Equilibrium
globule

Fractal

ross-section view
globule Cross-section vie

Trends in Biochemical Sciences, 2010
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Chromatin Conformation Capture(3C)

Cell croes-linking

Sequencing €«—

Chrometin fragmentation
by restriction digestion
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PCR amplification
& library preparation

DNA puirification
& size selection
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https://nanoporetech.com/resource-centre/pore-c-using-nanopore-reads-
delineate-long-range-interactions-between-genomic-loci#image1&
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3C-based approaches
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Nature Reviews Genetics, 2016
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Conformation in genome
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Enhancer-promoter Gene loop
Architectural loop Polycomb-mediated
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Nature Reviews Genetics, 2016
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Conformation in genome
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Nature Reviews Genetics, 2016
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Diseases associated to chromatin conformation

A TAD structure
D . 1 Mb
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Cell, 2015
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Interplay among epigenome feature

Topologically Associating Domain

Super-enhancer
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Interplay among epigenome feature

Topologically Associating Domain
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Interplay among epigenome feature

Cell Type A
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Multi-omics analysis
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THANK YOU.
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